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GEOCHRONOLOGY AND GEOCHEMICAL 
ANALYSIS OF QUATERNARY TRAVERTINE 

DEPOSITS AT THE BELEN QUARRIES OF MESA 
APAREJO, NM: EVALUATION OF TRAVERTINE 

FACIES FOR PALEOHYDROLOGY AND 
PALEOENVIRONMENT STUDIES
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m.A. cooK2

1Department of Earth and Planetary Sciences, University of New Mexico, Albuquerque, NM, alexandra.priewisch@gmail.com;
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AbstrAct—The depositional facies and stable isotopic composition of a large-volume Quaternary travertine deposit located in the Rio 
Grande rift in New Mexico provide a record of the paleohydrology of springs along the western Rio Grande rift flank. Our results show that 
lateral and vertical facies variations within a travertine deposit developed due to changing depositional environments, which are primarily 
related to the formation of travertine mounds sourced by springs along the rift-bounding Comanche and Santa Fe faults. Important travertine 
facies are 1) a terraced mound and sloping fan facies that represents surface flow, and 2) a vein facies that reflects artesian waters within 
the developing mounds. Stable oxygen and carbon isotope analyses of the two facies show similar δ18O and δ13C values, ranging between 
-6.6‰ and -9.3‰, and +1.3‰ and +6.1‰, respectively. The range of δ18O values is similar to nearby springs along the west side of the 
rift and is interpreted to reflect variable mixing of endogenic (deeply derived) spring discharge with meteoric water.  The δ13C values are 
significantly higher than values of nearby springs (δ13C = -1 to -8) and are interpreted to be controlled by variable CO2 degassing rates. The 
age and volume of the travertine deposit suggests that the mounds archive an estimated minimum of 54 Gigatons CO2 that degassed over a 
period of 456 ka along the fault system. Significant additional amounts of CO2 likely escaped to the atmosphere during travertine formation 
and δ13C fractionation. Travertine mound growth was facilitated by times of high CO2 flux and times of high groundwater head in confined 
aquifer systems. 
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INTRODUCTION

Travertines are groundwater discharge deposits that occur 
at many localities in the United States (Feth and Barnes, 1979; 
Ford and Pedley, 1996) and they provide useful paleoenviron-
mental data. Composed dominantly of the mineral calcite, trav-
ertines are datable with the U-series method, and their isotopic 
compositions may provide a geochemical record that can be 
used to model paleohydrology and paleoclimate (Minissale et 
al., 2002a; Smith et al., 2004; Andrews, 2006; Anzalone et al., 
2007; Faccenna et al., 2008; Crossey et al., 2011; Kampman et 
al., 2012; Özkul et al., 2014). Stable oxygen isotopes of trav-
ertines can be used to evaluate the hydrologic conditions at the 
time of travertine deposition, i.e. water temperature and water 
composition, and terrestrial temperatures and precipitation pat-
terns; whereas, stable carbon isotopes elucidate the origin of the 
CO2 involved in travertine formation and CO2 degassing rates 
(Chafetz and Lawrence, 1994; Andrews et al., 2000; Kele et al., 
2008, 2011; Demeny et al., 2010; Özkul et al., 2014). Travertine 
formation is characterized by dynamic processes, which result 
in a variety of depositional environments, travertine morphol-
ogies and travertine facies (Chafetz and Folk, 1984; Pedley, 
1990, 2009; Pentecost and Viles, 1994; Guo and Riding, 1998, 
1999; Glover and Robertson, 2003; Pentecost, 2005; Jones and 
Renaut, 2010; Özkul et al., 2014; Barth and Chafetz, 2015).

In this study, we investigated a large-volume travertine de-
posit in New Mexico with the purpose of 1) providing a better 
understanding of lateral and vertical facies variations, 2) exam-
ining the impact of the depositional environment on the stable 
isotopic composition of travertine facies, and 3) estimating the 
amount of CO2 and degassing rates that led to the formation of 
the large-volume travertine deposit.

TRAVERTINE AND TRAVERTINE FORMATION

In this study, the term “travertine” is used for abiotically- 
and biotically-induced precipitated continental limestone that 
forms at springs and in streams (Ford and Pedley, 1996; Pen-
tecost, 2005). The fresh-water carbonate deposits form due to 
the degassing of CO2 from groundwater that is supersaturated 
with respect to calcium as well as biotically-induced carbonate 
precipitation according to the following reactions (Pentecost, 
2005; Crossey et al., 2006, 2009):

CO2(g)+ H2O + CaCO3(limestone)→ Ca2
+

(aq) + 2HCO3
-
(aq)

Ca2
+

(aq) + 2HCO3
-
(aq) → CO2(g)↑ + H2O + CaCO3(travertine)

Travertine accumulations represent places of persistent and 
significant CO2 degassing in spring systems that often occur 
along faults that can serve as conduits for deep-circulating wa-
ters and CO2. The spring waters represent mixtures of hydro-
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logic flow systems, including meteoric recharge, groundwater 
with long residence times, and deeply-derived fluids (Newell 
et al., 2005; Crossey et al., 2006, 2009; Embid, 2009; Williams 
et al., 2013). Several authors have suggested that travertine for-
mation in the Southwestern United States occurred episodical-
ly on a 100 ka-scale at times when hydraulic head was high and 
when regional volcanic activity contributed excess magmatic/
mantle-derived CO2 to the system (e.g., Szabo, 1990, Embid, 
2009, Cron, 2011, Crossey et al., 2011, Kampman et al., 2012, 
Tafoya, 2012, and Priewisch et al., 2014a).

GEOLOGIC SETTING OF THE STUDY AREA

Travertine deposits in New Mexico are predominantly locat-
ed along the Rio Grande rift and the Jemez lineament (Fig. 1). 
The Rio Grande rift consists of a series of north-south‒trend-
ing sedimentary basins that extend over 1000 km from Colo-
rado to Mexico and are bounded by extensional fault systems 
(e.g. Keller and Baldridge, 1999; Cather, 2004; Seager, 2004; 

Minor et al., 2013). The Jemez lineament is a prominent north-
east‒trending belt of Cenozoic volcanic fields that transect the 
southeastern Colorado Plateau (Aldrich, 1986; Dunbar, 2005; 
Chamberlin, 2007).

The large-volume travertine deposit of this study is located 
along the western edge of the Rio Grande rift, at Mesa Aparejo 
(Figs. 1, 2).  Mesa Aparejo consists predominantly of Pennsyl-
vanian limestone of the Madera Group (New Mexico Bureau 
of Geology and Mineral Resources, 2003) and is situated on 
the eastern side of the Lucero uplift along the Comanche fault 
(Fig. 2), a Laramide reverse fault that was modified during de-
velopment of the Rio Grande rift (Callender and Zilinski, Jr, 
1976; Ricketts et al., 2014). The travertine mounds are located 
between the Comanche and Santa Fe faults and the paleospring 
discharges appear to be concentrated along the Comanche fault 

FIGURE 2. Map showing the large-volume travertine deposit at Mesa Aparejo 
(white area), the locations of active carbonic springs (Goff et al., 1983; Newell 
et al., 2005; Williams et al., 2013), and faults (New Mexico Bureau of Geology 
and Mineral Resources, 2003). The active springs are Arroyo Salado Spring 
(A), Red Hill Spring (B), and Four Daughters Springs (C). Grey box shows 
extent of Figure 3.

FIGURE 1. Locations of travertine accumulations (Feth and Barnes, 1979; 
Barker et al., 1996), large-volume travertine deposits (Priewisch et al., 2014a), 
the Rio Grande rift (RGR; black dashed line), and the Jemez lineament. Also 
shown are physiographic provinces: Colorado Plateau (CP), Great Plains (GP), 
and Basin and Range (BR). The large-volume travertine deposits are Mesa del 
Oro (A), Mesa Aparejo (B), Riley North Mesa (C), and Riley South Mesa (D). 
Grey box shows extent of Figure 2.
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(Figs. 2, 3). Mesa Aparejo is surrounded by Late Cenozoic ba-
salt flows, which attest to significant volcanic activity in the 
area (Figs. 1, 2; Baldridge et al., 1987; Dunbar, 2005). Recent 
magmatic activity can be found south of Mesa Aparejo, in the 
central Rio Grande rift, where the Socorro magma body is lo-
cated (Figs. 1, 2). The Socorro magma body is a sill-like in-
trusion at 19 km depth (Rinehart and Sanford, 1981; Ake and 
Sanford, 1988; Balch et al., 1997) that causes active uplift of 
the overlying region (Fialko and Simons, 2001; Pearse and Fi-
alko, 2010; Reiter et al., 2010). According to heat flow data, 
the Socorro magma body represents the most recent manifesta-
tion of a much longer lived magmatic plumbing system (Reiter 
et al., 2010), which is thought to provide a source for man-
tle-derived CO2 and 3He (Newell et al., 2005; Williams et al., 
2013). Modern carbonic springs located in arroyos close to the 
large-volume travertine deposits at Mesa Aparejo (Figs. 2, 3) 
attest to ongoing degassing of CO2 and mantle-derived helium 
(Goff et al., 1983; Newell et al., 2005; Williams et al., 2013), 

but modern travertine precipitation at the springs and along the 
flow path of the water is significantly less than in the past. 

The carbonic springs that discharged along the Comanche 
fault led to the formation of coalescing spring mounds that form 
the large-volume travertine deposits at Mesa Aparejo. These de-
posits cover an area of 13.1 km2 and have a volume of ~0.2 km3 
(Priewisch et al., 2014a). At the time of writing, the northeast-
ern part of the deposit is actively being quarried by New Mex-
ico Travertine, Inc. (Austin and Barker, 1990), and the quarries 
provide exceptional outcrops of travertine facies, fabrics, and 
morphologies. The age of the quarried travertine ranges from 
more than 1.5 Ma to 254 ka (Priewisch et al., 2014a). This study 
focuses on three quarries in particular: Temple Cream, Sche-
herazade, and Vista Grande (Fig. 3; Austin and Barker, 1990).

Temple Cream is the southernmost and largest quarry (Fig. 
3), with several quarry walls up to 9 m high (Fig. 4A). The col-
or of the travertine is white to creamy-white. The quarry walls 
are cut by numerous open fractures ranging in width from a few 
millimeters to several tens of centimeters (Fig. 4A). Two trav-
ertine samples from the bottom and top of a measured section 

FIGURE 3. Map (modified after Ricketts et al., 2014) showing the northern 
part of the large-volume deposit at Mesa Aparejo, the surrounding geologic 
units, and location of the travertine quarries Temple Cream, Scheherazade, and 
Vista Grande. Also shown are the active travertine-depositing springs Arroyo 
Salado Spring (A) and Red Hill Spring (B). 

FIGURE 4. Views of the travertine quarries: Temple Cream (A), Scheherazade 
(B), and Vista Grande (C).  
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were dated and resulted in ages of older than 1.5 Ma (model 
age) and 245 ka (U-series age), respectively (Priewisch et al., 
2014a). The quarry Scheherazade is located north of Temple 
Cream (Fig. 3). It is smaller and consists of reddish and white 
travertine (Fig. 4B). Two 234U-model ages of samples from a 
measured section at Scheherazade are 709 and 663 ka (Priew-
isch et al., 2014a). Vista Grande is the quarry farthest to the 
north (Fig. 3) and about the same size as Scheherazade (Fig. 
4C). This quarry predominantly shows travertine veins varying 
in color from white, to beige, yellow, reddish, and brown (Fig. 
4C). Two dated samples have ages of 560-690 ka (model ages) 
and 435 ka (U-series age; Priewisch et al., 2014a).

METHODS

This section briefly describes the mapping of the travertine 
deposits, the macroscopic and microscopic facies analysis of 
selected hand specimen, and the analysis of stable oxygen and 
carbon isotopes of the travertine samples.

Mapping and geographic information system (GIS) volume 
analysis of travertine deposits at Mesa Aparejo was conducted 
on U.S. Geological Survey 7.5-minute topographic maps and 
RGIS (New Mexico Resource Geographic Information Sys-
tem) digital orthophotos (1 m resolution) in the field, and with 
ESRI (Environmental Systems Research Institute, Inc.) Arc-
GIS software as described in detail in Priewisch et al. (2014a). 
The areal extent of the travertine quarries was mapped by 
Ricketts et al. (2014). 

A total of 49 travertine samples were collected by Priewisch 
(2014a) at the quarries Temple Cream (30 samples), Schehe-
razade (15 samples), and Vista Grande (4 samples). The oriented 
samples were taken along measured sections at each location. 
Hand specimens were cut into slabs to macroscopically evaluate 
different travertine facies and depositional environments. Mi-
croscopic thin section analysis was carried out by Cook (2013), 
who used float samples from the quarries for petrography. X-ray 
diffraction of samples was performed by Cook (2013) using a 
Siemens D5000 XRD at the University of Houston. 

Powdered whole rock samples were drilled from calcite lay-
ers in travertine slabs. Between 0.5 mg and 1 mg of travertine 
powder was loaded in 12 mL borosilicate containers and flushed 
with helium and reacted with phosphoric acid at 50ºC for 24 
hours. The evolved CO2 was measured with a continuous flow 
Finnigan Mat Delta Plus Isotope Ratio Mass Spectrometer cou-
pled to a Gasbench device. Results are reported in per mil (‰) 
using the delta notation versus PDB (Pee Dee Belemnite). Re-
producibility is better than 0.15‰ for both δ13C and δ18O based 
on repeated measurements of a laboratory standard (Carrara 
Marble). The standard is calibrated versus NBS (National Bu-
reau of Standards) 19, for which the δ13C is 1.95‰ and δ18O is 
2.2‰. The samples were measured in the Center for Stable Iso-
topes, College of Arts & Sciences, University of New Mexico, 
using the method described by Spötl and Vennemann (2003).

Whole rock samples are commonly composed of more than 
one constituent. Research on different modern travertine sys-
tems has shown that different constituents within each system 
that formed within a few centimeters of each other can have 

systematically different stable isotopic values (see Fig. 9 in 
Chafetz and Lawrence, 1994). Thus, interpretations based on 
whole rock analyses, while commonly indicating valid trends, 
must be made with this caveat.

RESULTS

Travertine facies and their depositional environment

Based on field relationships and macroscopic petrograph-
ic analysis of the travertine samples from the quarries Temple 
Cream, Scheherazade, and Vista Grande, two main travertine 
facies can be distinguished: (1) terraced mound and sloping 
fan facies and (2) vein facies. The characteristic lithologies, 
fabrics, and depositional environments of each facies are de-
scribed below, and a detailed facies description of individual 
samples is given in Table DR1. Excellent exposure of com-
bined terraced mound and sloping fan and vein facies can 
be found at Temple Cream and Scheherazade, whereas Vista 
Grande predominantly displays the vein facies.

Terraced mound and sloping fan facies
Terraced mounds (e.g., Mammoth Hot springs Yellowstone 

National Park) form a series of horizontal pools separated by 
steeply-dipping to vertically-walled rimstone dams (Chafetz 
and Folk, 1984). Rimstone dams and their associated pools may 
range in size from several meters to centimeters or millimeters 
(Fig. 5A, B), whereas the relatively smooth sloping fans have 
less developed pool and rimstone dams (Fig. 5C) and are mainly 
represented by wedges of inclined layers from tens of centime-
ters to meters in thickness. Dams and pools on a centimeter and 
millimeter scale are termed microterracettes and cover the faces 
of steep dams (Fig. 6A/B; Fouke et al., 2000, 2003; Barth and 
Chafetz, 2015). The terraced mound facies consists of constitu-
ents such as peloids, coated grains, pisoids and oncoids, shrubs, 
travertine clasts and lithoclasts, travertine rafts, and calcified 
bubbles (Cook, 2013; Cook and Chafetz, 2014). Layers within 
the pools range from a few millimeters to several centimeters 
in thickness. The rimstone dams are composed of ray crystal 
crusts, a constituent observed in many travertine deposits (Folk 
et al., 1985; Guo and Chafetz, 2012). The color of the travertine 
varies from white, beige, reddish to brown (depending on iron 
and other trace element content), and the layers can be horizon-
tal, wavy, irregular, or convoluted. 

Peloids, Coated Grains, Pisoids and Oncoids
Peloids are round micritic particles of less than a millimeter 

to a few millimeters in size, whereas coated grains within these 
deposits are smaller (0.1-1 mm) and round in shape; they con-
sist of a distinct nucleus and an even cortex of constant thick-
ness (Fig. 7A-C; Pentecost, 2005; Cook, 2013). Pisoids and 
bacterial oncoids are round or elongate concentric grains that 
are usually several millimeters to a few centimeters large, con-
sisting of a distinct nucleus and concentric but irregular corti-
ces (Fig. 7D, E; Pentecost, 2005; Cook, 2013). The nucleus can 
be composed of either a clump of micrite or another constituent 
such as a travertine raft, the latter leading to elongate-shaped 
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pisoids (Fig. 7D, E; Cook, 2013). Peloids, coated grains, and 
pisoids form at the bottom of pools, the latter accumulating 
adjacent to the rimstone dams (Chafetz and Folk, 1984; Guo 
and Riding, 1994; Pentecost, 2005).

Travertine Rafts
Travertine rafts are thin, delicate crystalline layers that 

precipitate at the air-water interface in still water; continuing 
deposition thickens the raft and increases its mass until it sinks 
to the bottom of the pool (Pentecost, 2005). At Temple Cream, 
the length of rafts ranges from 0.7-3 mm and thickness varies 
between 0.1-0.8 mm (Fig. 7E, F; Cook, 2013).

Shrubs
Shrubs are feathery or bush-like precipitates of either micrite 

or spar, which form due to bacterial or a combination of bacte-
rial and abiotic processes at the bottom of pools (Fig. 8; Chafetz 
and Folk, 1984; Guo and Riding, 1998; Chafetz and Guidry, 
1999). Bacterial shrubs at Temple Cream form laterally contin-
uous layers of ~1 cm in thickness and consist of either single 
shrubs or multiple stacked shrubs; individual shrub layers are 
bounded by dense, peloidal layers (Fig. 8B; Cook, 2013). 

Calcified Bubbles and Foam Rock
Calcified bubbles are gas bubbles that get coated by rapidly 

precipitating calcium carbonate (Chafetz and Folk, 1984; Chafetz 

FIGURE 5. Examples of modern spring mounds. A) Terraced travertine mound 
at Crystal Geyser, Utah. B) Travertine terraces at Minerva Spring in Yellowstone 
National Park, Wyoming. C) Smooth spring mound north of the travertine quar-
ries at Mesa Aparejo (view is towards the west); the modern travertine-precipi-
tating Red Hill Spring (Figs. 2 and 3) is located northwest of the spring mound. 

FIGURE 6. Examples of the terraced mound and sloping fan facies. A) Mod-
ern step-pools on the terraced travertine mound at Crystal Geyser, Utah. B) 
Close up of microterracettes on the steep slopes of a dam. C) Dam (a) and pool 
(b) exposed in a quarry wall at Temple Cream. Black arrows point to microter-
racettes which are also outlined in black (c). Horizontal layers representing the 
pool are also outlined in black (d). 
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et al., 1991a; Guo and Riding, 1998). If travertine consists mainly 
of elongated tubes formed by former gas bubbles, it is referred to 
as foam rock (Chafetz and Folk, 1984; Guo and Riding, 1998; 
Cook and Chafetz, 2014). At Temple Cream, foam rock layers 
range in thickness from 1-8 cm and either consist of a single row 
of tubes or multiple stacked tubes (Fig. 8D; Cook, 2013). Foam 
rock forms in pools and is associated with increased microbial 
activity (Chafetz and Folk, 1984; Guo and Riding, 1998).

Travertine Clasts and Lithoclasts
Travertine clasts and lithoclasts are a few millimeters to sev-

eral centimeters in size, the latter being clastic material such as 
sand grains or small pebbles, and both constituents occur as 
breccia or conglomerate. Pools and travertine surfaces can fall 
dry when discharge decreases or the rimstone dam is breached, 
which can lead to the formation of travertine crusts that may be 
reworked and broken up into travertine clasts. Lithoclasts are 

FIGURE 7. Photomicrographs of terraced mound and sloping fan facies (plain light; modified after Cook, 2013). A) Dam (a) and pool (b); grey box indicates loca-
tions of B). B) Coated grains, showing a single calcite crystal as nucleus and dark, micritic cortices that are slightly concentric, that accumulated in a pool adjacent 
to the dam. C) Spherical pisoids with micritic nuclei (c) and concentric but irregular cortices. D) Pisoid, oblate due to the shape of its nucleus (travertine raft; black 
arrow). E) Travertine rafts with isolated fan-shaped crusts (black arrows) on one or both sides of the raft. 
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FIGURE 8. Photomicrographs of step-pool facies (plain light; modified after Cook, 2013). A) Bacterial shrub layers (a), separated by dense peloidal layers (white 
arrows). B) Close up of bacterial shrub layer (a) and dense peloidal layer (white arrow). C) Distinct bacterial shrub leaves (white arrows) surrounded by spar (black 
arrows). D) Horizontal micritic and foam rock layers representing a pool. Foam rock layers (white arrows) are separated by dense micrite layers (black arrows).
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mostly limestone fragments which are washed into pools and 
onto travertine surfaces.

Vein facies
The vein facies is exceptionally well exposed at the quar-

ry Vista Grande, although it also occurs at Temple Cream and 
Scheherazade. All analyzed samples from the Temple Cream 
and Scheherazade quarries are composed of calcite; howev-
er, some vein samples from other quarry locations are partly 
composed of aragonite (Cook, 2013). The vein facies consists 
of travertine-filled horizontal and vertical fractures a few milli-
meters to several tens of centimeters wide that cut across both 
older travertine and older veins (Fig. 9A). The travertine li-
thology predominantly consists of spar in different colors, e.g. 
white, grey, yellow, red, and brown, and white micrite (Fig. 9 
B, C). Both spar and micrite veins are internally layered; indi-
vidual layers range in size from 1-10 mm and can be horizon-
tal, wavy, irregular, or convoluted (Fig. 9 B, C). 

Stable isotope analysis
Stable oxygen and carbon isotopes of a total of 90 whole 

rock travertine samples from the three quarries were analyzed 
by Priewisch (Table DR2). Results overlap substantially, with 
a main range for δ13C from +1.3‰ to +6.1‰ (Fig. 10A; Table 
DR2). Values of δ18O range from -6.6‰ to -9.3‰.

At Temple Cream and Scheherazade, δ13C values of the 
terraced mound and sloping fan facies range from +3.6‰ to 
+6.1‰ and +4.6‰ to +5.3‰, respectively (Fig. 10B; Table 
DR2). Values of δ18O for the terraced mound and sloping fan 
facies are between -6.6‰ to -8.6‰ at Temple Cream and be-
tween -7.1‰ and -9.2‰ at Scheherazade (Fig. 10B; Table 
DR2). The spread of δ13C values at Temple Cream is 2.5‰ 
and considerably wider than the spread of δ13C values at Sche-
herazade, which is only 0.7‰, whereas the range of ~2‰ for 
the δ18O values is basically the same for both quarries.

Most of the δ13C values for the vein facies at Temple Cream are 
between +3.8‰ to +5.9‰, only one sample has a δ13C value of 
+1.3‰ (Fig. 10C; Table DR2). At Scheherazade and Vista Grande, 
δ13C values for the vein facies are between +4.1‰ and +5.6‰ and 
+3.7‰ and +5.7‰, respectively (Fig. 10C; Table DR2). Values of 
δ18O range from -6.9‰ to -9.3‰ at Temple Cream, from -6.5‰ 
to -7.8‰ at Scheherazade, and from -6.5‰ to -9.3‰ at Vista 
Grande (Fig. 10C; Table DR2). The spread of δ13C values at Tem-
ple Cream and Vista Grande is almost the same, ~2‰, whereas 
Scheherazade shows a smaller range of 1.5‰. Variations in δ18O 
values are highest at Vista Grande with a spread of 2.8‰, fol-
lowed by Temple Cream with a spread of 2.3‰, and are smallest 
at Scheherazade where the spread is only 1.3‰. 

DISCUSSION

This section provides an interpretation of the lateral and 
horizontal relationships between travertine facies, examines 
the stable isotopic composition of travertines according to fa-
cies, and investigates the amount of CO2 and degassing rates 
that led to the formation of the large-volume travertine deposit 
at Mesa Aparejo. 

Lateral and horizontal facies relationships

The quarries Temple Cream and Scheherazade provide ex-
cellent exposures of coalesced spring mounds, with predomi-
nantly terraced mounds at Temple Cream and mostly sloping 
fans at Scheherazade. Pools are represented by horizontal beds 
of travertine (Fig. 6C) that can contain travertine rafts, coat-
ed grains, peloids, pisoids, shrubs, and foam rock layers (Figs. 
7, 8), whereas rimstone dams consist of inclined layers of ray 
crystal crusts that are often convoluted and lined by micro-

FIGURE 9. Examples of vein facies. A) Horizontal veins at Temple Cream 
(outlined in black). B) Different generations of horizontal and vertical veins at 
Vista Grande, cross-cutting each other. C) Wavy and convoluted veins at Vista 
Grande; the veins consist of both spar and micrite. 
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terracettes (Fig. 6C). The vertical record shows that the same 
pool consists of multiple stacked, horizontal travertine layers, 
whereas rimstone dams are built by multiple stacked inclined 
layers of ray crystal crusts (Fig. 11A). However, travertine 
deposits form in a highly dynamic depositional environment 
where spring vents migrate and pool and dam locations change. 
Various researchers (e.g., Fouke et al., 2000; Pentecost, 2005; 
Vylita et al., 2007; Linares et al., 2010; Fouke, 2011; Nishika-
wa et al., 2012) found that decrease or increase in groundwater 
head and discharge could cause active spring vents to fall dry 

and new spring vents to form in a new location, respectively. 
Continuous travertine precipitation or seismic activity along 
the fault might lead to sealing of an active spring vent or to re-
activation of an inactive spring vent, respectively (Fouke et al., 
2000; Pentecost, 2005; Vylita et al., 2007; Linares et al., 2010; 
Fouke, 2011; Nishikawa et al., 2012). 

The rock record at Temple Cream shows that the rimstone 
dams and their associated pools migrated laterally, producing 
horizontal and vertical variations in the travertine deposits, and 
that terraced spring mounds transitioned into sloping fans (Fig. 
11A). At Scheherazade, prograding wedges of travertine, which 
are composed of thick (tens of centimeters to meters) inclined 
layers, overlap each other due to vertical and lateral accretion 
of the sloping fans (Fig. 11B). During dry times when ground-
water head was low and spring discharge ceased, terraces and 
travertine surfaces fell dry, broke into pieces and were then 
reworked when water flowed again, leading to the formation 
of travertine breccias, which now occur in distinct layers in 
the rock record. Lithoclasts have been transported by streams 
or debris flows from the nearby mountains onto the travertine 

FIGURE 10. Stable isotope results from different travertine facies and dif-
ferent quarries. A) Stable isotope values of the terraced mound and sloping 
fan and vein facies for Temple Cream, Scheherazade, and Vista Grande. B) 
Comparison of stable isotope values of the terraced mound and sloping fan 
facies from Temple Cream and Scheherazade. C) Comparison of stable isotope 
values of the vein facies from Temple Cream, Scheherazade, and Vista Grande.

FIGURE 11. Examples of spring mounds in the rock record. A) Step-pool and 
sloping mound facies at Temple Cream, showing pools and dams of predom-
inantly terraced spring mounds. Horizontal layers representing pools, wedges 
of inclined layers representing dams and sloping mounds are outlined in black. 
B) Step-pool and sloping mound facies at Scheherazade, showing wedges of 
inclined layers that mostly represent sloping mounds (outlined in black). 
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surfaces, sometimes intermixing with travertine clasts, which 
further contributed to the formation of breccia layers. 

Vertical and horizontal veins cutting through the travertine 
deposits at Temple Cream, Scheherazade, and Vista Grande 
predominantly represent the plumbing system within the de-
veloping mounds, which facilitated both groundwater flow to-
wards the surface and travertine precipitation. The vein facies 
formed in subsurface fractures within existing travertine de-
posits. Fracturing is related to extension of the Rio Grande rift 
and was likely induced by elevated fluid pressure of the CO2-
charged groundwater that flowed through the fractures (Sibson, 
2000; Ricketts et al., 2014). Vertical veins represent the feeder 
system that conveyed deep groundwater to the surface, where-
as horizontal veins represent fluid flow and artesian pressure 
exerted parallel to bedding (Uysal et al., 2007; De Filippis et 
al., 2012, 2013a, 2013b; Gratier et al., 2012). The abundance of 
veins increases from Temple Cream, to Scheherazade and Vis-
ta Grande, the latter displaying quarry walls that consist almost 
entirely of veins (Fig. 9B). Different generations of veins, that 
cross-cut not only the travertine deposits but also each other, 
indicate episodes of high groundwater head and abundant CO2, 
leading to travertine precipitation within fractures.

Interpretation of stable isotopic composition according to 
facies

The general overlap of stable isotope values of the terraced 
mound and sloping fan as well as the vein facies in the three 
quarries suggest that the composition and temperature of the 
water that these facies precipitated from may have been similar 
(Fig. 10A). 

Oxygen isotopes of the travertines
Controls on the oxygen isotopic composition of travertines, 

including composition and temperature of the groundwater 
source fluids, have been studied by various authors (e.g., Turi, 
1986; Chafetz et al., 1991a; Chafetz et al., 1991b; Chafetz and 
Lawrence, 1994; Minissale et al., 2002b; Minissale, 2004; 
Newell et al., 2005; Crossey et al., 2006; Kele et al., 2011; Yan 
et al., 2012; Williams et al., 2013; Özkul et al., 2014; Sun et al., 
2014; Wang et al., 2014). The δ18Oc values are controlled by 
temperature and oxygen isotopic composition of the source wa-
ter that precipitates the travertines. These conditions are in turn 
affected by 1) mixing of deeply-derived and shallow ground-
water, 2) water-rock interactions along groundwater flow paths, 
3) mixing of groundwater with meteoric water, and 4) evapora-
tion. Mixing of groundwater and surface water as well as higher 
water temperature may lead to overall lower δ18O values of the 
water (δ18Ow) and the travertine (δ18Oc), whereas lower water 
temperatures result in higher δ18Ow and δ18Oc values; evapora-
tion and high travertine deposition rates cause higher δ18Oc val-
ues (Gonfiantini et al., 1968; Turi, 1986; Chafetz et al., 1991a; 
Pentecost, 2005; Kele et al., 2011; Yan et al., 2012; Özkul et al., 
2014; Sun et al., 2014; Wang et al., 2014).

The observed ranges of δ18O values of the terraced mound 
and sloping fan facies and vein facies at the quarries Temple 
Cream, Scheherazade, and Vista Grande suggest that ground-

water mixing (Priewisch et al., 2014b), mixing of groundwa-
ter and meteoric water, and changes in water temperature all 
played an important role during travertine precipitation (Fig. 
10). The terraced mounds and sloping fans formed at the sur-
face, which suggests that mixing of groundwater with meteoric 
water, evaporation, and variations in water temperature due to 
changing seasons as well as longer term changes in climate 
were likely controls of the oxygen isotopic composition, lead-
ing to the observed range of δ18O values (Fig. 10B). The vein 
facies precipitated from groundwater flowing through subsur-
face fractures where mixing of deeply-derived and shallow 
groundwater likely played an important role. The observed 
different generations of veins likely represent travertine that 
precipitated from groundwater of different composition and 
temperature, which would explain the variations in δ18O values 
for the three quarries (Fig. 10C).

Water temperatures of modern springs along the Coman-
che Fault (Fig. 2) vary between 6.1°C (Arroyo Salado Spring), 
5.2°C and 4.1°C (Four Daughters springs), and δ18O values of 
Four Daughters springs range from about -9.4‰ to about -10‰ 
(Blomgren et al., this volume). In order to estimate calcite-wa-
ter-oxygen fractionation during travertine precipitation, δ18O 
values of the paleowater were calculated based on the empir-
ical equation of Demény et al. (2010). Calculated δ18O values 
of the paleowater range between -13.8‰ and about -8‰ for 
water temperatures between 5°C and 20°C, respectively (Table 
DR3). The range of calculated δ18O values at 20°C is closest 
to the range of δ18O values of the modern spring water, which 
suggests that the paleowater temperature may have been higher 
than the present-day water temperature. 

Carbon isotopes of the travertines
The range of high δ13C values for the three quarries is in-

terpreted to be related to different rates of CO2 degassing. The 
carbon isotopic composition of travertines is primarily con-
trolled by the CO2 degassing rate, which depends on: 1) partial 
pressure of CO2, 2) water temperature, and 3) flow velocity 
(Groves and Howard, 1994; Howard and Groves, 1995; Hof-
fer-French and Herman, 1989; Qian et al., 2005; Hammer et 
al., 2007; Kele et al., 2011). Strong and turbulent degassing of 
CO2 causes kinetic fractionation and isotopic disequilibrium, 
because the light carbon isotope 12C will preferentially escape 
from solution, which leads to enrichment in the heavy carbon 
isotope 13C, and hence higher δ13C values (Turi, 1986; Kele 
et al., 2011). Turbulent and laminar flow in fractures is likely 
important for the vein facies, because flow conditions impact 
CO2 degassing rates, which increase towards the surface where 
decreasing pressure leads to strong CO2 degassing (Groves and 
Howard, 1994; Howard and Groves, 1995; Hoffer-French and 
Herman, 1989; Qian et al., 2005; Hammer et al., 2007). CO2 
degassing is strongest in fast and turbulent flowing water (e.g., 
at rimstone dams), which leads to higher δ13C values, whereas 
degassing rates are much lower from pools and ponds because 
the pCO2 of the water has time to equilibrate with atmospheric 
pCO2, which results in lower δ13C values (Fuller et al., 2011; 
Kele et al., 2011; Yan et al., 2012; Wang et al., 2014). 

At the modern Salado Arroyo Spring north of the Bel-
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en quarries (Figs. 2, 3), the δ13C value of the water is -1‰ 
(Blomgren et al., this volume). Assuming a similar δ13C val-
ue for paleospring water that the travertine precipitated from, 
turbulent degassing could account for the high δ13C values of 
the analyzed travertine samples. Another control on the carbon 
isotopic composition of travertines, particularly the terraced 
mound and sloping fan facies, is the presence of vegetation 
and microbiological activity. Both plants and microorganisms 
preferentially use the light carbon isotope, 12C, for photosyn-
thesis and cell metabolic reactions, which lead to enrichment in 
13C and hence higher δ13C values (Turi, 1986; Pentecost, 2005; 
Kele et al., 2011).

The considerably smaller range of δ13C values at Schehe-
razade compared to Temple Cream is interpreted to reflect the 
presence of predominantly sloping fans at Scheherazade that 
lack well-developed pools and rimstone dams where strong 
CO2 degassing would occur (Fig. 10B). Discharge was prob-
ably also lower at Scheherazade than at Temple Cream, where 
flow of turbulent water over terraced surfaces led to strong 
CO2 degassing and a wider range of δ13C values (Fig. 10B). 
The different generations of veins likely formed at different 
depths, below and within the existing travertine deposit, and 
reflect differing degrees of CO2 degassing, which led to the 
observed range in δ13C values for the three quarries (Fig. 10C). 
The veins with the highest δ13C values are interpreted to have 
formed closest to the surface, whereas the veins with lower 
δ13C values formed deeper in the subsurface (Fig. 10C).

Amount of CO2 and degassing rates

The presence of a large-volume travertine deposits such as 
that at Mesa Aparejo indicates that significant amounts of CO2 
must have degassed in order to precipitate such large volumes 
of travertine. Part of the CO2 is mantle-derived or magmat-
ic CO2 (Hancock et al., 1999; Minissale et al., 2002b, 2005; 
Ballentine and Sherwood Lollar, 2002; Newell et al., 2005; 
Crossey et al., 2006, 2009; Embid, 2009; Karlstrom et al., 
2013; Williams et al., 2013), and may have originated from the 
nearby Socorro magma body south of Mesa Aparejo (Figs. 1, 
2; Ricketts et al., 2014). Modern travertine-depositing springs, 
including those near the Belen quarries (Figs. 2, 3), indicate 
that most of the CO2 is derived from endogenic (deep) sources 
and 3He/4He ratios indicate that some of the helium is from the 
mantle (Hancock et al., 1999; Minissale et al., 2002b, 2005; 
Ballentine and Sherwood Lollar, 2002; Newell et al., 2005; 
Crossey et al., 2006, 2009; Embid, 2009; Karlstrom et al., 2013; 
Williams et al., 2013). At the Arroyo Salado Spring (Figs. 2, 3), 
for example, about 17.8% of the CO2 is deeply derived, and a 
3He/4He ratio of about 0.08% suggests that some of the helium 
originates in the mantle (Blomgren et al., this volume). Various 
basalt flows in the vicinity of Mesa Aparejo attest to repeated 
volcanic activity during the Quaternary (Figs. 1, 2; Baldridge 
et al., 1987; Dunbar, 2005; Ricketts et al., 2014), that would 
have contributed magmatic CO2 to the groundwater system. 

The amount of degassed CO2 that led to the formation of the 
large-volume travertine deposit at Mesa Aparejo was estimated 
at 0.5 Gigatons (Gt), where half of the amount of CO2 became 

fixed as travertine while the other half degassed into the atmo-
sphere (Priewisch et al., 2014c). Considering that CO2 also de-
gassed along the fault system through carbonic springs and soil 
(Allis et al., 2005; Crossey et al., 2009; Karlstrom et al., 2013; 
Han et al., 2013; Smith et al., 2014), the estimated amount of 
degassed CO2 is ~54 Gt over a time interval of ~456 ka (Priew-
isch et al., 2014c). These estimates support the view that the 
large-volume travertine deposit at Mesa Aparejo represents past 
degassing of a CO2 gas reservoir (Priewisch et al., 2014a).

CONCLUSIONS

Three travertine quarries located in the northwestern part of 
the large-volume deposit at Mesa Aparejo provide exceptional 
outcrops of terraced mound and sloping fan facies carbonates 
and vein facies carbonates that accumulated in coalescing trav-
ertine mounds and led to the formation of extensive travertine 
platforms. The terraced mound facies consist of pools repre-
sented by horizontal layers that often contain characteristic 
constituents (e.g., coated grains and shrubs), and the pools are 
separated by rimstone dams composed of ray crystal crusts. 
The sloping fan deposits are composed of inclined layers of 
varying thickness and steepness. The vein facies consists of 
travertine-filled fractures that opened due to rifting and ele-
vated fluid pressures of CO2-charged groundwater. The Tem-
ple Cream and Scheherazade quarries show predominantly 
coalesced terraced mounds and sloping fans with substantial 
lateral and vertical facies variations. Changes in CO2 degas-
sing rates, hydraulic head, and water composition were like-
ly responsible for those variations. The travertine deposits at 
Temple Cream and Scheherazade are cut by several horizontal 
and a few vertical veins. The vein facies is exceptionally well 
exposed in the third quarry, Vista Grande, which was affected 
the most by extension and where multiple generations of hori-
zontal and vertical veins cross-cut one another. 

Results of stable isotope analyses show that facies have an 
effect on the geochemical composition of travertine. Values of 
δ18O for the terraced mound and sloping fan and vein facies 
generally overlap, indicating that the travertine precipitated 
from groundwater of similar chemical composition. Values of 
δ13C for the terraced mound and sloping fan facies differ slight-
ly between Temple Cream and Scheherazade due to turbulent 
and less turbulent degassing of CO2 on the terraced mounds 
and sloping fans, respectively. Values of δ13C for the vein fa-
cies from the three quarries generally overlap, reflecting simi-
lar degassing rates in deep and shallow fractures.

It was necessary for considerable amounts of CO2 to de-
gas along the Comanche fault system to form the large-volume 
travertine deposit at Mesa Aparejo and the Socorro magma 
body might have provided the necessary magmatic CO2. A de-
gassing rate of ~54 Gt CO2 over a period of 456 ka is estimated 
from the travertine archive, and stable isotope evidence sug-
gests that substantial amounts of CO2 degassed from the spring 
water into the atmosphere during carbon fractionation that ac-
companied travertine formation. This supports the hypothesis 
that the travertine deposit at Mesa Aparejo represents past de-
gassing of a CO2 reservoir (Priewisch et al., 2014a), possibly 
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associated with the Socorro magma body system. 
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